Abstract Creep in archaeological oak samples and planks from the Vasa ship impregnated with polyethylene glycol (PEG) has been studied in museum-like climate. Creep studies of duration up to three years have been performed in nearly constant relative humidity and temperature of the controlled museum climate. Cubic samples were subjected to compressive creep tests in all orthotropic directions. Additionally, the creep behaviour of planks with and without PEG and of recent oak was tested in four-point bending. The experimental results have been summarised and also compared with reference results from recent oak wood. The effect of variable ambient conditions on creep and mass changes is discussed. The experimental results of creep in the longitudinal direction showed deformations even for the low stresses. There is relatively much more scatter in creep behaviour, and not all samples showed linear viscoelastic response. The creep in radial and tangential directions of the cubes and the plank samples showed a strong dependency on the ambient conditions. Some samples showed expansion for decreasing moisture content, possibly caused by the thermal expansion of the PEG component. For the planks, increasing creep deformation was observed induced by changing ambient conditions. Such behaviour may be related to e.g. oscillations in ambient conditions and presence of PEG in the wood cell wall and cell lumen. The behaviour of PEG archaeological wood depends on the level of deterioration that occurred over centuries. However, although the findings presented here apply to this specific case, they provide a unique view on such wood.
Introduction
Wood as a material has played and continues to play a significant role for humanity. It has been used since prehistoric times as a preferred structural material for buildings and tools B A. Vorobyev alexey.vorobyev@me.com 1 and has by no means lost its popularity today. The bulk of wood is nowadays used for paper, packaging, furniture and renewable building materials. Historical wood artifacts take a significant place in the museum expositions all around the world. Wood is a degradable biopolymer with a porous and cellular structure. It is significantly affected by the environment to which it is exposed. The hygroscopic nature of wood causes moisture to migrate into its tissue to achieve equilibrium, which results in dimensional changes, mass fluctuations and changes in mechanical behaviour in a varying climate. In addition to the effects of moisture and temperature, chemical and biological degradation make preservation of wooden artifacts an important and challenging task for museums. For wood artifacts, which are in danger of deformation and fracture damage due to changes in moisture content, special care has to be taken.
Once taken out from a wet environment, water-logged archaeological wood inevitably shrinks due to drying, which often results in warping and cracking. Impregnation with polyethylene glycol (PEG) is commonly used in conservation to dimensionally stabilise wet archaeological wood due to its good anti-shrinkage properties (Morén and Centerwall 1961; Norimoto et al. 1992) . This treatment allows the material to be conserved in its initial swollen state as the free water molecules are replaced by stationary PEG molecules. As compared with the non-impregnated wood material, the other main effects of PEG impregnation are increased mass density, increased hygroscopicity of the dried material and material softening since PEG acts as a plasticiser (Hoffmann et al. 2013) . Large-sized archaeological artifacts such as wooden ships, for example, the Bremer Cog in Bremerhaven, the Mary Rose in Portsmouth and the Vasa in Stockholm (Hoffmann 1988; Jones et al. 1986; Cederlund and Hocker 2006) , which underwent centuries buried at the bottom of sea are usually resting on supporting structures, typically cradles similar as those used in dry docks and for winter storage of yachts. Consideration of the effects of PEG impregnation is crucial for the preservation of these sensitive objects of cultural heritage.
Factors such as museum environment and design of the support structure are essential for the preservation process. In the long run, wooden structures have an apparent tendency to deform due to their mass and other factors, like environment or external loads. Since the loads do not fluctuate significantly for museum objects, the time-dependent deformation under a constant load of the wood material is of primary interest, i.e. creep (Tsoumis et al. 1991) . For static analyses, the elastic properties are needed, but for long-term dimensional stability, also the creep behaviour is necessary for large-sized structures. In this study, the creep behaviour of archaeological oak wood from the seventeenth century Vasa warship (Cederlund and Hocker 2006) has been investigated. Supporting stanchions have been placed inside and outside the hull, but the wooden parts of the ship still carry most of the load. The ship has a mass of 1210 tonnes (Cederlund and Hocker 2006) and the stresses from its mass are distributed through its structural elements to the cradles underneath the hull. The structural integrity of the ship is in principle maintained by the treated archaeological wood, which underwent a reduction of moisture content to equilibrium museum conditions. For the preservation of the ship, it is, therefore, important to investigate the mechanical properties of the Vasa wood. The most important mechanical properties to characterise are the elastic engineering constants and creep properties.
Wood has a variable inherent structure, i.e. even neighbouring wood samples can have very different properties. Different wood species have very different mechanical properties, depending on their anatomy, density, local anisotropy and moisture content (Jozsef et al. 1982) . Significant variations can also be seen within species by normal vs. reaction wood, cambial age, etc. When it comes to preserved archaeological wood, the situation becomes even more complicated. A combination of the effects from conservation procedures and degradation results in changes of the mechanical properties compared with those for recent wood. The Vasa ship hull has been conserved by spraying the wood with aqueous solutions of PEG between 1962 and 1979 and then carefully underwent a reduction of moisture content to equilibrium museum conditions before being moved to the present museum in 1989 (Håfors 2001) . The PEG serves as a bulking agent which penetrates the wood cell walls and lumens replacing water while drying (Stamm 1959) . During the conservation of the Vasa ship, PEG with different average molecular weight (M w ) (Håfors 2001 ) has been used. It is important to mention that preservation with PEG results in increased mass density and that usage of, in particular, low molecular-weight (M w ) PEG (typically <1000 g/mol) results in higher hygroscopicity (Stamm 1974; Gregory et al. 2012) . The increased mass of the structure due to the presence of PEG and moisture could thus lead to additional deformations due to self mass.
The elastic, yield and creep properties of Vasa oak are needed for stress analysis and the design of improved support for the ship. The elastic engineering parameters of the Vasa wood have been investigated previously. Tensile elastic properties in longitudinal (L) direction have been investigated by Bjurhager et al. (2012) . Compressive elastic properties in radial (R) and tangential (T) directions have been investigated by Ljungdahl and Berglund (2007) . Finally, the complete set of orthotropic elastic parameters of Vasa material has been investigated by Vorobyev et al. (2016a,b) . These investigations have consistently observed smaller elastic stiffness properties of Vasa material in comparison with those of recent untreated wood. The main reasons for this appear to be the state of degradation of the material and the presence of PEG, which acts as a plasticiser softening the wood cell wall.
The creep properties of the PEG-impregnated archaeological wood material have not been much investigated despite their importance to long-term dimensional stability. Hoffmann (2010) has performed creep and relaxation bending experiments on wooden planks from PEG-impregnated oak wood from the Bremer Cog ship and from sound seasoned oak wood for comparison. The applied stress was 50% from the yield load. This study showed that PEG-impregnated archaeological wood had more pronounced viscoelastic behaviour and larger deformations than the reference wood. The reason was mainly the presence of PEG in the cell wall, acting as a plasticiser and leading to increased deformation of the wood biopolymers under stress. Norimoto et al. (1992) have investigated mechanosorptive creep and relaxation, i.e. creep and relaxation due to changes in relative humidity of PEG-impregnated recent spruce. They reported more mechanosorptive creep in the PEGimpregnated wood samples than in untreated wood and, additionally, a loss of strength.
The objective of the present study is to investigate and discuss the creep response of the archaeological oak wood from the Vasa ship. This knowledge will help predict the timedependent behaviour of the ship in the museum. The creep properties can be used as input in the finite-element analyses that are necessary for the design process of a future support structure. Additionally, the investigations may be used in a potential optimisation of the museum's micro-climate. The presented study provides a set of data on the creep response of PEG-impregnated Vasa oak in all orthotropic directions. This information is also relevant for an engineering-based preservation of PEG-treated wooden artifacts in general.
Material and method

Materials
Cubic samples of Vasa and recent oak The Vasa material was conserved oak wood (Quercus Robur L.) taken from two blocks with museum reference numbers 65742 and 65879. The blocks came from the surface of the hull in the bottom of the ship where holes had been made for ventilation in year 2000. Cubic samples from the same block were studied earlier by Vorobyev et al. (2016a Vorobyev et al. ( , 2017 to identify PEG content, basic density and orthotropic stiffness coefficients. The studies showed high PEG content, variable basic density and decreased stiffness.
As references, recent oak (Quercus Robur L.) was used. Both the Vasa material and recent wood samples were subjected to mechanical tests and measurements of moisture and PEG contents. First, quasistatic compressive tests were performed to identify the yield stress of the material to decide the stress levels for the creep experiments.
Since the supply of Vasa material was very limited, it was decided to use cubic samples instead of planks for bending or standardised prismatic specimens for compressive testing. With cubic samples, the same specimen can be tested elastically in all three orthotropic directions. The faces of the cubes were carefully machined so that their normals were oriented along the orthogonal anatomical axes of the wood material as well as possible, as shown in Fig. 1 .
Samples with the least curvature of the annual rings compared to sample dimensions were chosen to assure relatively uniform material directions within the cube. A length of 25 ± 0.05 mm has been selected for the edges of the cubes as a fair compromise between the material availability and the representativeness of the wood samples, which should contain a fair amount of the typical microstructural features. Before creep testing, the samples were conditioned in the ventilated box-like measurement compartment below the bowsprit of the ship until moisture equilibrium was attained. The results of the conditioning showed no dimensional change, nor any initial deformation has been registered.
The creep stress levels (σ creep ) were chosen at specific percentages of the yield compressive strength (σ yc ). In this study, σ yc in the three orthogonal wood anatomical axes (L, T and R) was determined from neighbouring samples from the same wood blocks. The strength values were determined by uniaxial compression of the samples until failure along the three directions. For these destructive tests, the samples had already been used previously in the elastic regime to determine the full set of orthotropic elastic engineering parameters (Vorobyev et al. 2016a,b) . The σ yc in direction L was determined by testing 17 cubic samples of Vasa oak and was 30 MPa with a standard deviation of 7.2 MPa. The corresponding result for the recent oak was determined to be 65 MPa with a standard deviation of 8.3 MPa. At the beginning of the testing campaign, creep characterisation in the R and T directions was not planned, so, in these directions, σ yc was determined by testing only four samples, i.e. two samples per direction. The average σ yc was 8.9 MPa (8.68 and 8.93) for the R direction and 5.6 MPa (4.87 and 6.39) for the T direction, which is in agreement with results of Ljungdahl and Berglund (2007) .
Plank samples
Four larger planks of more than 3 m long were placed in the climate-controlled museum and subjected to four-point bending creep tests. The planks have been cut with the broad side along the TL plane, while some curvature of the annual rings was apparent. The planks were tested in bending in the average R direction (Fig. 2) .
Three samples were Vasa material with museum reference numbers 4711, 4720 and 5396, and one was a recent oak plank for reference. Small samples from the corners of the planks were cut to determine the yield strength the PEG content as well as the level of deterioration. These parameters were determined during a previous research project and are presented in full in an internal report (Burman and Ljungdahl 2007) . The dimensions and properties of planks are listed in Table 1 . 
Mass monitoring
PEG-impregnated samples have a higher hygroscopicity than untreated wood, which will influence their mass fluctuations depending on the varying temperature and relative humidity conditions in the museum during creep testing. It was not practical to measure mass changes in situ to be applied in the creep experiment samples. Therefore, four scales "KernKB 120-3N" containing two small cubic Vasa samples and two recent oak samples were placed next to the creep rig. The mass was registered every minute during the three-year experimental period. The density of these samples is included in Table 3 .
To monitor the ambient conditions near the testing rigs, a "Lumel P-18" temperature (T ) and relative humidity (RH) sensor was installed in the measurement compartment. The sensor was calibrated before the initiation of the experiments. Although the climate is wellcontrolled and stable near the ship, the micro-climate variations in other locations of the museum can be relatively large.
Creep setup for cubic samples
The creep setup for the cubic samples consisted of three similar and independent creep rigs. Each rig was composed of a metal frame with load cells for five cubic samples (Fig. 3a) .
The load cell is shown in Fig. 3b . Each cubic sample was compressed by two aluminium plates and one placed against "ISO 10243" type metal spring with constant elastic stiffness for a large range of deflections. There were two kinds of metal springs used in the experiment. The more compliant Vasa samples were compressed by a "Special springs™ R series R50-064" and the stiffer recent oak samples were compressed by a "Special springs TM A series A50-089". In this manner, the specimens were subjected to a constant load (i.e. creep conditions), since the spring deflections due to creep deformation of the samples were well within the range of constant stiffness of the springs, which has been determined earlier by testing springs in the universal testing machine.
The top plate was fixed, and the load was applied at the bottom of the samples. The displacements of the bottom plate, corresponding to the sample deformations, were measured by a digital indicator "Mitutoyo ABS Digimatic Indicator ID-C125XB" with accuracy resolution of 1 µm, mounted to the fixed top plate. The accuracy of measurements was 0.001 mm according to the manufacturer. The bottom plates were unable to rotate to allow only axial deformations of the samples. The measurements were logged each minute during the experiments.
The first period of experiments was between 31 January, 2014 and 11 June, 2014. A long run time was necessary since fluctuations in indoor climate have been observed for the annual seasons also from year to year. During this first period, 15 samples were loaded in the L direction at stress levels of 3.0, 6.0 and 9.0 MPa (10%, 20% and 30% of σ yc ). Additionally, for reference, 6 recent oak samples were loaded in the L direction at stress levels of 6.5, 13.0 and 19.5 MPa (10%, 20% and 30% of σ yc ). For these stress levels, the resulting creep strains were in the range where linear viscoelastic behaviour can be assumed for wood (0.5-2% strain for wood (Bodig and Jayne 1982) ). There were three rigs (Fig. 3a) which contained five samples each. In each rig, two samples were recent oak, and three were Vasa oak samples.
The second period has started on 11 June, 2014. At that time the Vasa samples, which were loaded in the L direction at 20% and 30% of σ yc , were taken away to make room for other Vasa samples. These samples were loaded in the L direction at the lower stress levels of 1.5 and 4.5 MPa (corresponding to 5% and 15% of σ yc ).
The third period started on 10 February, 2015 until the presented date was acquired on 10 October, 2016. At this time, the recent oak samples were exchanged with six Vasa samples. Three of them were loaded in the R direction with 0.89 MPa and the other three were in the T direction with 0.56 MPa (both 10% of σ yc ). In R and T directions, no recent oak material was subjected to creep. Due to limitations in the available rigs, samples and time, a more comprehensive test program was not feasible, and choices had to be made which tests were most valuable.
Bending creep rig
The creep rig was built for a four-point bending experiment (Fig. 2) . The experimental tests followed the standard D6815-02a (2004) to evaluate creep in planks. While the reference oak plank had a symmetric geometry (rectangular prism), the Vasa oak planks were rather non-symmetric and had different shapes. The centre of mass was determined for each plank and then placed symmetrically at the supports.
The mid-span deflections δ were logged by four sets of two digital indicators "ABS Digimatic Indicator ID-C125XB" that were installed on the top and bottom in the middle of each plank. Two indicators were used to distinguish moisture swelling from mechanical deformation (bending). However, thickness changes were difficult to interpret due to warping, in particular, the Vasa planks. To register mass changes, each plank was placed on a "C3 Vishay HPS" load cell with 1 g readability. Initially, the load that was required for obtaining a maximum bending stress of 4 MPa in the planks was approximated using elementary beam theory by
where σ creep is creep stress (here the maximum bending stress), b is the width, h is the thickness, L = 2500 mm is the length between the plank supports and a is the distance between the two central support lines where the load is applied. Based on recent measurements of the dimensions of the planks slightly different maximum bending stresses were obtained. These creep stresses, as well as the plank parameters, PEG mass percentages and applied loads for all planks, are presented in Table 1 . The deflections and loads of all planks were logged every minute during the whole period of investigation. • C and RH were up to 2%. It is important to notice that the indoor climate conditions in the experimental compartment differed from the average conditions in the surrounding museum. The fluctuations in Fig. 4 do not represent the overall environment in the museum, but are pertinent to the conditions in the proximity of the test samples. The maximum temperature occurs, as expected, during the summers while the maximum RH occurs during the winters. The reason for this is that cooler air needs fewer water molecules to saturate it. So the same absolute amount of water in the air will result in different RH levels at various T levels (Perry and Green 1999) .
The ambient surrounding climate directly affects the wood moisture content. Water vapour in the air migrates in and out of wood samples, changing its mass in the process (Skaar 1988) . The relative mass of two Vasa and two recent oak samples are shown in Fig. 5 .
It can be observed that the amplitude of the mass fluctuations of the PEG-impregnated Vasa oak samples is larger than that of the recent oak, i.e. the Vasa oak samples are more hygroscopic than the recent ones as also observed by Ljungdahl and Berglund (2007) . The impregnation with low M w (<1000 g/mol) PEG is known to make the wood more hygroscopic (Bjurhager et al. 2010) . It is necessary to mention that low M w PEG has a melting point close to museum ambient temperature, i.e., 17-22
• C which can be the reason of changes in its physical properties like water activity, thermal expansion, etc. (Korosi and Kovats 1981) .
The PEG acts as a bulking agent of the wood cell wall, where it interacts via hydrogen bonds with the cell wall material (Norimoto et al. 1992) . It is often considered that the finely dispersed PEG in the ultrastructural nanopores in the cell wall has a minor influence on the hygroscopic properties of the wood due to lack of physical space (Morén and Centerwall 1961) . However, it is also possible that the PEG stays in the cell lumen. It happens after the wood cell wall has been saturated. The free PEG in the tracheid lumen and vessel cavities can more quickly absorb water, which increases the hygroscopicity of the impregnated wood sample as compared with samples where only the cell wall contains PEG. It is possible that the samples used for measuring the mass had an excessive PEG in the cell lumen so that increased moisture-induced mass change observed. Figure 5 also shows that the mass reaches peaks during the winters and minima during the summers. The mass fluctuations correlate with the measured RH in Fig. 4 , but not in a precisely linear way. Also, the water activity of PEG-water solutions is known to be nonlinear (Gregory et al. 2012; Ninni et al. 1999; Bjurhager et al. 2010; Rodríguez et al. 2012; Ljungdahl and Berglund 2007) .
Assuming that PEG in cell wall shows less hygroscopicity due to immobilisation caused by the surrounding wood biopolymers (Stamm 1956 ), one can conclude that mainly the PEG in cell lumens is responsible for the increased moisture uptake and mass fluctuations. Assuming that all hygroscopic wood polymers are bound with PEG and only PEG in the cell lumen is in charge of all moisture absorption, it is possible to estimate the amount of PEG in the cell lumen from the mass oscillations in the variable climate. It can be a useful tool in determining the amount of PEG needed to stabilise wood without severely affecting its hygroscopicity beyond the saturation point (Stamm 1974) .
In the case of Vasa oak, PEG batches with different average M w have been used, and it is hard to estimate the precise amount of PEG in the cell lumen. If the total PEG content and amount of PEG in cell lumen are known, the amount of PEG in the cell wall acting as plasticiser could be estimated. For a more precise analysis, the relative amount of PEG in the lumen and the cell wall should be distinguished.
Creep in cubes in longitudinal direction
The present study aims to characterise creep behaviour and identify an acceptable level of stresses on Vasa oak with high PEG contents. Figures 6a-e show creep curves of Vasa oak cubical samples for different stress levels and Fig. 6f shows the corresponding creep curves of reference oak. Due to the high stiffness in axial direction a very small strains are obtained. This leads to step-like curves in the figures due to the resolution of the digital indicator "Mitutoyo ABS Digimatic Indicator ID-C125XB". Note that positive values in the strain directions mean compressive creep strain.
From Fig. 6f , it is clear that no measurable creep was detected for recent oak using the selected applied loads, except the sample loaded with 30% of σ yc . It can be observed that during the summer period, the samples are even expanding against compressive load direction. This aspect will be discussed later in the text. Swelling due to moisture is not the case here because according to Fig. 6 , summer periods had lower RH.
In contrast, the Vasa oak curves show a clear creep effect. Although the scatter is quite large, there is a clear trend showing increasing creep deformation for increasing stress levels. The significant variability is manifested in the big differences in creep amplitude in Figs. 6b-e. The curves corresponding to 5% of σ yc load level in Fig. 6a show very slow development of creep strains. This means that this stress level has the lowest effect among others, on the creep deformation of the Vasa wood. On the other hand, samples 12 and 13, which were loaded at 20% and 30% of σ yc visualised in Figs. 6d-e show relatively large strains that will most likely result in a destruction of the samples. Therefore, a load level of 10% or 15% of σ yc appears to be a good compromise between these two observations.
Creep curves can show either primary creep, i.e. the strain approaches a constant level, secondary creep, i.e. the strain rate approaches a constant level, or even tertiary creep, where the strain accelerates until failure (Tsoumis et al. 1991) . For many of the presented experimental curves, however, the measurement period may not be sufficiently long to draw conclusions.
Most of the measured samples appear to show either primary or secondary creep. Samples 10, 13, 17 and 19 seem to approach a constant strain, i.e. primary creep. Samples 7, 9, 11, 12, 14, 16, 19, 20, 23 and 24 appear to approach a constant strain rate, i.e. secondary creep. For almost all samples except one (sample 13) the secondary creep is observed below 2% strain. The samples loaded at 10% of σ yc in Fig. 6b were monitored for the longest period, almost three years. After approximately half a year, the creep curves of samples 7 and 9 exhibited secondary creep. It is observed that in some samples secondary creep goes below 2% strain. Sample 8, on the other hand, does not show a clear creep response at all. Note also that sample 14 that was loaded with 15% of σ yc , shown in Fig. 6c , is also clearly affected by the changing ambient conditions.
To compare the creep behaviour of different samples, creep compliance J (t), i.e. creep strain divided by the constant stress (Tweedie and Van Vliet KJ 2006) , was used. It is well known that creep compliance J (t), which is commonly used for a linear viscoelastic material, is invariant with applied stress. A measurable and practical test to establish whether wood material has linear viscoelastic behaviour is to check if J (t) depends on the applied stress or not (Bodig and Jayne 1982) . Figure 7 shows creep compliance curves for Vasa oak. Even though the stiffness of the samples is unknown, from Figs. 7a-b it can be seen that for a reasonable number of samples the creep compliance curves are quite similar. For clarification, the most similar curves have been replotted in Fig. 7c . Assuming that the stiffness of these archaeological wood samples is similar, a conclusion can be drawn that a linear viscoelastic creep model could be used to describe the creep behaviour at lower stress levels. From Figs. 7a-b , it is also apparent that a significant number of curves show much higher creep compliance. Assuming similar stiffness again, this may happen when the stress is too large, causing increasing creep deformations.
It is hard to quantify the effect of PEG impregnation on the time-dependent behaviour in the L direction. However, it is worthwhile to consider that all samples have PEG mass percentages of at least 25%, which means that the wood cell wall is most likely fully saturated with PEG (Stamm 1956; Ljungdahl and Berglund 2007) . The present results indicate that longitudinal stress levels up to 10% of the σ yc could be acceptable since the creep strains remain limited. Higher compressive stress levels are likely to result in larger deformation, possibly beyond linear and reversible behaviour.
Creep in cubes in radial and tangential directions
Creep in the T and R directions has also been studied in the current investigation. The results are presented in Fig. 8 . The specimens were loaded in compression, and a positive strain signifies compressive deformation. In contrast with the longitudinal direction given above, variations in ambient conditions have a relatively significant influence on the time-dependent response in these directions.
For several of the samples, negative strains can be observed, indicating unexpected expansion in the direction opposite to the loading direction. As a first thought, one could attribute this strange behaviour to hygroexpansion (swelling). However, hygroexpansion can be ruled out since the maximum RH, displayed in Fig. 4 , takes place during the winter months, corroborated by the moisture-induced mass changes in Fig. 5 , in contrast to the It is well known that the mechanical properties (i.e. Young's modulus, compressive strength, etc.) of the wood decrease with increasing moisture content. Moreover additional moisture can also induce increased creep in wood samples (Hoffmeyer and Davidson 1989) . Indeed, increasing compressive deformation is prompted by the humid ambient conditions during winters as shown by the peaks in compressive strain in Fig. 8 .
For separating the effect of the climate changes from the creep behaviour, a mathematical fitting procedure was applied to the strain measurements. The strain was separated into three parts: a constant part (due to the initial elastic deformation), a part involving an exponential function (due to pure creep deformation) and a part directly related to the average mass change of the samples (due to moisture-induced swelling and softening 1 ). The resulting fitting equation becomes
where the fitting variables are ε e , ε c , ε m (the magnitudes of the strain due to the initial elastic, creep and moisture-induced deformation, respectively) and τ (the creep time constant). The function w(t) is the average of the normalised mass changes as displayed in Fig. 9 (modified to start at zero). The fitting procedure was performed using the constrained optimisation algorithm in MATLAB with appropriate bounds. An example of the fitting procedure is included in Fig. 9 , showing the decomposition of the total strain into an initial elastic, creep and moisture-induced part. In this fitting procedure, the part of the strain that was constant was defined as elastic and the exponential decaying part was defined as creep. However, in reality the creep deformation and dimensional changes due to moisture fluctuations are not necessarily independent. Figure 10 shows the results of the fitting procedure. The pattern of measured strain and fitted strain in Fig. 10 illustrate how much correlation exists between the measured strain, due to creep and thermo-hygroexpantion, and changes of the moisture content. It can be observed that in samples 2 and 18 creep is hardly happening during the first days after load was applied. The rest of the samples show no creep and were only affected by the ambient conditions. 
Creep ε(t) ↓ (pushing back) ↑ (increasing) Table 2 was compiled to show the trends on the deformation of the PEG-impregnated Vasa oak samples in the R and T directions. As mentioned before, the deformations in winter are clearly correlated with the changes in moisture.
It is hypothesised that the decreasing deformation (i.e. expansion in the direction opposite to the compressive loading direction) during the summers is temperature-induced thermal expansion or stiffening effect of the material due to decreased moisture content (Bodig and Jayne 1982) .
Thermal expansion of untreated wood is very small in comparison to moisture-induced swelling (Tsoumis et al. 1991) . However, the thermal expansion coefficient α of PEG is orders of magnitude greater than that of oak wood. Assuming that the one-dimensional and volumetric thermal expansion coefficients, α lin and α vol , are related as α vol = 3α lin (Cverna 2002) , then the one-dimensional thermal expansion coefficients of PEG 600 and PEG 1000 are 2.4 × 10 −4 and 2.4 × 10 −4 K −1 , respectively (Korosi and Kovats 1981) , while for wood in the R and T direction these are 11.1 × 10 −6 and 54.4 × 10 −6 K −1 , respectively (Kollmann et al. 1968; Stevens et al. 1960) . The presence of PEG in the Vasa oak wood cell wall may increase its thermal expansion, provoking expansion or contraction in the R and T directions due to temperature changes. Since PEG acts as a bulking agent in the wood cell walls (Stamm 1974; Hoffmann et al. 2013) , its thermal expansion may have a direct effect on dimensional changes of the PEG-impregnated Vasa material as a whole.
Finally, the strain development of the samples in Fig. 8 shows an annually decreasing trend (increasing expansion). The strains in the summer of 2016 are lower than the strains in the summer of 2015, indicated a deformation opposite to the compressive loading direction. Two hypotheses can be suggested for this behaviour: (1) The ambient conditions, RH or T , are also changing over the years (see Fig. 4 ), i.e. the RH and T have a wide span between maximum and minimum values; (2) The "reversible swelling" (Ugolev et al. 2010 ) is present in the Vasa material, i.e. accumulated internal stresses are being released due to annual oscillations of RH and T . Only sample 18, which was cut from a different initial block (Table 3) , shows strain oscillations with increasing annual deformation.
Creep in planks
The creep behaviour of planks in four-point bending is presented in Fig. 11a . All four planks have quite a different response. In particular, the deflection of plank 4720 (Vasa oak) shows an atypical creep curve. This plank has a relatively low PEG content and showed some visible warping at later stages during the creep test. The curve has still been included in this study since experimental creep results are scarce for this type of material.
The other planks behave as expected and show creep-like behaviour. In Fig. 11a , it can be seen that the planks 4711 and 5396 (Vasa oak) have deflections which are in the same range. The creep rate of the reference plank is higher during the summer of 2016. The same pattern can be seen for plank 4711. In contrast, plank 5396 shows a lower creep rate in that period and higher creep rates during the winters, which is most likely moisture-induced. A linear viscoelastic response was compared using a creep compliance J (t) that was calculated using beam theory as
6 P L 3 and presented in Fig. 11b for three planks. The results showed that two Vasa oak planks 4711 and 5396 have a similar creep compliance J (t), while the reference plank shows less creep. The mass changes of two of the planks are presented in Fig. 12 . Plank 5396 is not shown due to a failure in the logging system during the experiment. However, it can be seen that the mass changes of 4711 and of the reference plank are affected by the annual fluctuations in the ambient conditions. From Fig. 12 , a slight delay in the moisture uptake of the Vasa Fig. 12 Normalised mass change of planks oak plank can be observed as compared with the reference plank. It is known that PEGimpregnated wood is more hysteretic than recent wood (Bjurhager et al. 2010) . This might describe the delay in the moisture uptake. It is possible that the diffusion coefficient of the Vasa oak is higher than that for the recent oak. This phenomenon, however, is not observed for the cubical samples in Fig. 5 due to their even dimensions in all planes.
Conclusions and recommendations
Several conclusions can be drawn from the present study, keeping in mind the low number of specimens. The variable ambient conditions have a higher impact on mass, and therefore on moisture content, of wood with high PEG content. Cell lumen and vessel cavities can be filled with PEG, which results in significantly increased moisture-induced mass changes during the annual variations in climate. The mass changes observed for the Vasa oak cubic samples are higher than for recent oak.
The creep phenomena in the L direction of Vasa oak samples have scattered response for the stresses between 15% and 30% of the σ yc . Some samples of Vasa oak show similar creep compliance curves, with secondary creep, i.e. approaching a constant creep rate. Almost all Vasa oak samples loaded in axial direction showed secondary creep below 2% strain. Recent oak samples loaded within the same range of the stresses in the stiff L direction were not showing any significant creep. For the Vasa oak loaded in the T and R directions, the creep behaviour is dominated by the effect of annual fluctuations in moisture and temperature on the strain. With the stresses of 10% of the σ yc two of six samples showed insignificant creep response.
The PEG-impregnated Vasa oak planks showed a similar time-dependent response in four-point bending. The planks showed additional deflections that were induced by the change of annual fluctuations in moisture and temperature. The recent oak plank showed smaller overall deflections. The mass changes in planks showed same as the behaviour of the cubic samples during annual fluctuations of ambient conditions.
A deeper study of the following subjects can be the scope of future work: (1) Additional experimental study in creep behaviour is needed on the samples with low or zero PEG content; (2) The effect of RH and/or T on creep phenomena of PEG-impregnated wood in all orthotropic directions; (3) The impact of PEG impregnation on the coefficient of thermal expansion of wood.
